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We report on the measurements and analysis of Fe 2p magnetic dichroism in the angular distribution of the
photoelectrons from remanently magnetized Fe~100! surfaces with unpolarized, monochromatized, x rays of
1486 eV energy, and with linearly polarized synchrotron radiation of 800 eV energy. The analysis of the
dichroic photoemission intensity in the two experiments verifies the applicability of the atomic photoionization
model which provides a consistent understanding of the differences between photoemission experiments with
unpolarized and linearly polarized radiation. A comparison of the Fe 2p and Fe 3p dichroism spectra allows
us to discuss, on an empirical basis, the validity of a Zeeman-like interpretation of Fe 3p hole sublevels
connected to the observed magnetic dichroism in photoemission. @S0163-1829~97!02514-9#INTRODUCTION
Magnetic dichroism in photoemission represents an im-
portant experimental development in the field of surface and
interface magnetism.1–14 Both circularly polarized radiation
and linearly polarized radiation from synchrotron radiation
~SR! sources can be exploited to perform dichroism experi-
ments that are sensitive to the magnetic order of surfaces and
interfaces. The use of linearly polarized radiation and unpo-
larized radiation requires angular selection of the photoelec-
trons in order to define a chirality between the vectorial
quantities of the photoemission experiment. Magnetic di-
chroism in the angular distribution of photoelectrons
~MDAD! with unpolarized light as well as with linearly po-
larized light ~LMDAD! have been performed mostly on shal-
low core levels and on valence bands of the ferromagnetic
transition metals and of the rare earths.15
The basic understanding of MDAD, with any kind of light
polarization, is provided by the theory of photoionization
from atomic states.13 The angular distribution of the photo-
electrons, for sufficiently high final state energies, has struc-
tures which identify the initial state wave functions, i.e., the
magnetic core hole sublevels, which are non degenerate
when the excited atom carries a magnetic moment. The re-
sult is that the line shapes of, e.g., the 2p or 3p photoemis-
sion peak of the ferromagnetic transition metals are different
for different chiral experiments.9,11,13 The ~L!MDAD effect
averages out only if ~a! full angular integration of the pho-
toemission current is performed, ~b! the ferromagnet is di-550163-1829/97/55~17!/11488~8!/$10.00vided in randomly oriented domains ~demagnetized state!,
and ~c! the sample temperature exceeds the Curie tempera-
ture. Otherwise ~L!MDAD is a large effect which can reach
45% of the Fe 3p intensity.12
Rossi et al. first proposed a semiempirical analysis of the
LMDAD intensities of Fe 3p and Co 3p using a six peak fit
of the field-averaged and dichroic intensities.4 The next step
was the comparison of the chirality-dependent peak intensi-
ties with the intensity ratios predicted by atomic photoion-
ization theory for atomic 3p m j sublevels in the directions
defined by the experimental geometry.5 A similar procedure
was proposed first by Ebert et al.7 for the analysis of mag-
netic dichroism in photoemission of Fe 2p core levels with
circularly polarized radiation.1 As a result the 3p photoemis-
sion was described by six components: two spin orbit split
components (J53/2, J51/2) further split in individual mj
sublevels, differing from the level splitting of the anomalous
Zeeman effect only in the inversion of the energy order of
the sublevels of the J51/2 doublet.5,7 The ~L!MDAD effect
is connected to the orientation of the magnetic moments.11
This analysis suggested the use of LMDAD as a surface
magnetometer: experiments have shown that the magnitude
of the LMDAD asymmetry relates directly to the magnetic
order parameter, whilst the splitting between the sublevels
relates to the value of the magnetic moment of the photoion-
ized atoms.12,16 More recently a different effect has been
measured between magnetic field averaged photoemission
experiments with variable chirality ~magnetic field averaged
photoemission dichroism!:17 nonzero spectral differences are11 488 © 1997 The American Physical Society
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moments along the magnetic quantization axis. MFAPD is
independent on the value of magnetization ~including zero
magnetization!, and it is again well explained by the atomic
model.17 The quantitative analysis of the Fe 3p LMDAD and
MFAPD spectra raises several questions on the description
of the core hole multiplet: ~a! the spin orbit and the exchange
splitting in Fe 3p have about the same magnitude
(1.056 .05 eV) and a Zeeman like picture of the 3p core
hole, treating the exchange splitting as a perturbation of the
spin orbit splitting scheme is not justified a priori; ~b! it has
been noted11 that the measured J51/2 contributions to the
Fe 3p spectra are less intense than expected, and that the
precise assignment of their energies is difficult; ~c! the
mj51/2 energies are expected to vary according to the ratio
between the energy values of the exchange and spin-orbit
interactions since these sublevels are not pure spin-orbit
states.9 The possible presence of satellites of the main final
state peaks was also questioned.18,19 Experimentally it has
been shown that Fe 3p spectra present negligible satellite
intensity outside of the main peak, contrary to Ni and Co
3p .20 However, satellites could be hidden in the highly
asymmetric line shape of Fe 3p , therefore affecting the sex-
tuplet analysis.
An interesting experimental extension of this research is
to measure the Fe 2p core levels where the large spin-orbit
interaction within the open core widely separates the final
state photoemission intensity arising from the 2p3/2 and
2p1/2 terms. A priori one can consider the analysis of the Fe
2p photoemission experiment easier since the Zeeman-like
description is well adapted to it ~the exchange splitting being
of the order of 7–8 % of the spin orbit splitting!.7,9,21
Hillebrecht et al.21 have recently reported on a spin resolved
LMDAD Fe 2p experiment which clearly shows the pres-
ence of LMDAD features both on the 2p3/2 and 2p1/2 peaks,
and also in between the main peaks. The 2p3/2 data were
fitted by sublevel components, following the philosophy of
Ref. 5, obtaining a quadruplet of levels split by 0.5 eV for
the 2p3/2 component. This value is 50% larger then previ-
ously reported for the Fe 3p ,5 which fact must be understood
since if the same description holds for both 2p and 3p pho-
toemission peaks, one expects a similar exchange splitting
for both 2p3/2 and 3p3/2 multiplets. Here we present and
discuss the results of Fe 2p and Fe 3p ~L!MDAD experi-
ments which were performed with an unpolarized, mono-
chromatized, Al Ka x-ray source, as well as with linearly
polarized SR from the SuperESCA beam line of the
ELETTRA laboratory at Trieste. The 2pand 3p ~L!MDAD
data are analyzed in a consistent way, which allow to discuss
the accuracy of the Zeeman-like model for the analysis of
magnetic dichroism in photoemission.
EXPERIMENT
Fe~100! surfaces were prepared by Ar1-ion sputtering
and annealing a @100#-oriented iron single crystal ~3% Si-
stabilized! mounted to close the gap of a soft iron yoke and
clamped to a six degree of freedom manipulator in the Su-
perESCA spectrometer at the ELETTRA SR laboratory of
Trieste.22 The iron single crystal could be magnetized in-
plane to saturation by passing a direct current through awinding around the soft iron yoke. The magnetization vector
M could be directed along the normal to the photoemission
reaction plane ~i.e., along the vertical direction! either up or
down, by reversing the sign of the current pulses. All the
data were measured in remanence conditions at temperatures
of 150 K or 300 K. The photoemission current was selected
at normal emission by a 150 mm-diameter hemispherical
electrostatic electron energy analyzer, with an angular accep-
tance of 6 2°. The two photon sources used for the experi-
ments were ~1! a focused and monochromatized Al Ka
source delivering an unpolarized photon beam of hn51486
eV impinging onto the sample in the horizontal plane at an
angle Q5240° with respect to the k vector selected by the
electron analyzer and ~2! monochromatic linearly polarized
undulator SR of hn5800 eV and of hn5198 eV impinging
the sample at Q5140° with respect to k with the electric
vector e in the horizontal plane, i.e., in p-polarization con-
figuration. Referring to Fig. 1, the geometry of the experi-
ments with the unpolarized x-ray photons is the mirror im-
age, about theMk plane, of the geometry of the experiments
with linearly polarized synchrotron radiation. The plus/minus
feature of the measured MDAD and LMDAD dichroism is
therefore opposite. The overall energy resolution of the two
experiments on Fe 2p was of the order of 300 meV.
RESULTS
The Al Ka x-ray photoemission spectra measured in the
two mirror geometries indicated in the inset are presented in
Fig. 1~a!, along with the difference curve (Mup-Mdown)
showing the MDAD effect in Fig. 1~b!. Obeying to the sum
rule on the photoemission intensity that must hold when in-
tegrating over an extended energy range, including regions
well outside of the main peaks, the two spectra have been
normalized to equal total intensity. Such normalization pro-
cedure is also justified by the integral value of the MDAD
dichroism, which is nearly zero. The photoemission intensity
depends onM both in between the 2p3/2 and 2p1/2 peaks and
at lower kinetic energy than the 2p1/2 peak. The MDAD
asymmetry is defined as A (L)MDAD5(Iup2Idown)/(Iup
1Idown), where Iup (down) are the photoelectron spectral inten-
sities obtained with the magnetization in the upward ~up! or
downward ~down! directions. Two MDAD asymmetries are
shown in Fig. 1~c!: the solid line is the experimental asym-
metry, obtained by dividing the MDAD difference by the
sum of the as measured spectra. This curve is useful to esti-
mate the measurable size of the dichroism in an experiment,
but cannot be used to estimate the true spectral asymmetry,
because the background of the photoemission spectra is in-
cluded. The dashed curve represents the spectral asymmetry,
obtained by dividing the MDAD difference by the sum of the
two spectra after an integral background subtraction. This
curve is very noisy wherever the spectral intensity becomes
small: it shows that AMDAD2p1/2'3/4 AMDAD2p3/2 . Several
structures are shown by arrows: their energy position corre-
spond to the features readily observable also in the MDAD
difference, and some of these do have a high asymmetry.
The MDAD difference and experimental asymmetry curves
are in excellent agreement with the LMDAD data obtained
with hn5879 eV by Hillebrecht et al. in Ref. 21.
The dichroism measured at the 2p3/2 peak consists in a
11 490 55GIORGIO ROSSI et al.plus/minus feature centered at 708.28 eV, ;1 eV wide, fol-
lowed, at lower kinetic energies, by a modulated negative
asymmetry ~the absolute sign depends on the chirality of the
experiment! showing distinct features at 710.8 eV and 715.4
eV. The extrema of the MDAD experimental symmetry are
16% and 22%for the J53/2 peak, and 1% and 22% for
the J51/2 peak. The dichroism at the 2p1/2 main peak is of
opposite sign, centered at 721.5 eV of binding energy and
has a similar width although the plus feature is not promi-
nent. The small value of the dichroism at higher binding
energies than the 2p1/2 peak is understood as due to the large
2p3/2 dichroism background, onto which the 2p1/2 dichroism
FIG. 1. ~a! Fe 2p photoemission spectra of remanently magne-
tized Fe~100! as measured with unpolarized Al Ka x-rays in the
two mirror chiral geometries shown in the inset. M is the magneti-
zation vector, k is the photoelectron momentum vector, and q is the
vector defining the propagating photon beam. The magnetization
dependent spectra have been normalized to equal total intensity. ~b!
MDAD difference. ~c! MDAD experimental ~continuous line! and
spectral ~dashed line! asymmetry curves, as defined in the text, after
filtering of the statistical noise by five point averaging. The arrows
indicate weak features appearing near to and in between the main
peaks.is superimposed. The 2p3/2 photoemission peak has a promi-
nent shoulder at 708.9 eV which coincides with one extre-
mum of the MDAD curve. The Fe 2p3/2 magnetization de-
pendent spectra and the relative LMDAD curves measured
with linearly polarized SR of hn5800 eV are presented in
Fig. 2 along with the Fe 3p spectra and LMDAD as mea-
sured with hn5198 eV. The lineshape of Fe 2p spectra at
higher photon energy ~data were measured up to 1300 eV!
with linearly polarized radiation does not change within our
sensitivity. The extrema of the LMDAD asymmetry for Fe
2p3/2 are 16.2% and 29%. The extrema of the
LMDAD asymmetry for Fe 3p at 198 eV are 19% and
214%. The two LMDAD curves show very similar width,
indicated by the vertical dashed bars, and line shape.
DATA ANALYSIS
Fe 2p LMDAD
The energy positions of the inflection points of the
~L!MDAD curves in the 2p3/2 and 2p1/2 spectra indicate the
center of the main multiplets and allow for an accurate esti-
mate of the spin orbit splitting of the 2p spectrum, which is
13.0160.03 eV. Small peaks and a continuum of dichroic
intensity appears in between the J53/2 and J51/2 peaks
and at higher binding energy than the 2p1/2 peak. Some weak
features are identified by arrows in the ~L!MDAD difference
curve in Figs. 1~b! and 1~c!. A detailed and quantitative
analysis of the dichroism in the spectrum outside of the main
peaks is difficult since one should take into account that ~a!
the intensity of the weak features could depend on photon
energy and emission angle, as shown in Ref. 21 and ~b! the
FIG. 2. Fe 2p3/2 ~up full and down open triangles! and Fe 3p
~continuous lines! magnetization dependent spectra and LMDAD
curves obtained with linearly polarized SR of hn5800 eV and
hn5198 eV, respectively. The spectra are traced on a relative elec-
tron energy scale for the comparison of lineshapes and the LMDAD
spectra are normalized to the same height for graphical comparison.
Vertical dashed bars indicate the extrema of the dichroism curves.
The LMDAD asymmetry values corresponding to Fe 2p3/2 ~solid
curve through the data and smoothed curve! are 29% and 16.2%
and for Fe 3p ~open diamonds and smoothed curve! are 214% and
19%. The LMDAD asymmetry is a function of the photon energy.
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dependent on the background subtraction procedure. How-
ever, we found that the background subtraction procedure
may vary the relative intensity but cannot suppress the pres-
ence of these weak features. The weakly structured dichroic
intensity in between the main peaks suggests the presence of
discrete final state configurations ~satellites! rather then of a
continuum of scattering states ~background!, but this point
cannot be conclusively addressed on the basis of the present
experiment. On the other hand, the very high tails towards
higher binding energy of the main photoemission peaks
should be attributed to satellites. In fact the genuine peak
width of the 2p3/2 and 2p1/2 main peaks is identified by the
simple atomiclike shape of the large plus-minus ~L!MDAD
features which identify the full width of the J53/2 quartet
and J51/2 doublet, respectively.5,11,13 Also from Fig. 2 one
can see that the width of the 2p3/2 LMDAD is 1.0560.02
eV, which is the same, within our accuracy as for the Fe
3p LMDAD. A quartet of mj sublevels with a total width of
1.0560.02 eV cannot account for the extended tail of the Fe
2p3/2 photoemission spectra, not even by assuming large
Doniac-Sunjic23 type asymmetry factors for the individual
mj peaks. We attribute the high energy tail intensity to un-
resolved satellites. Since the exact energy position and line
shape of these satellites cannot be retrieved from the data, we
analyze the photoemission line shape by analyzing first the
~L!MDAD line shape, using the LMDAD width as the ‘‘fin-
gerprint’’ of the position of the mj563/2 peaks. The energy
width of the 2p3/2 ~L!MDAD as measured at the two ener-
gies is identical, within experimental error, as shown in Figs.
3~a! and 3~b!. The M averaged spectrum as obtained with
unpolarized Al Ka radiation and the fit are shown in Fig. 4.
The hypothesis of the fit of the 2p3/2 spectrum is that a
quartet of sublevels of identical line shape with the energy
constrains set by the MDAD peak positions and by the equal
splitting intervals between the sublevels ~like in the Zeeman
splitting! should represent the photoemission intensity of the
mj core hole sublevels of the J53/2 multiplet as well as the
dichroism. The parameters of the best fit are listed in the
caption of Fig. 5. The fitted peak accounts for 85% of the
total intensity. The residual intensity under the tail ~dotted
line! is compared to a replica of the spectrum shifted by
21.4360.03 eV. We describe this residual intensity as aris-
ing from a satellite which would not be resolved in absence
of the MDAD spectrum. Figure 5 compares the fit of the
M dependent Al Ka and SR data. We obtain that the same
set of multiplet parameters fit both the spectra measured with
linearly polarized SR of hn5800 eV @Fig. 4~a!# and with
unpolarized radiation of hn51486 eV @Fig. 4~b!# which jus-
tifies our comparison of spectra obtained with different pho-
ton energies. Figure 5~c! shows the fit of the Fe 2p1/2 peak.
The field averaged Fe 2p3/2 spectra from the two experi-
ments are compared in Fig. 3~c!. The nonzero experimental
difference represents the MFAPD effect. It is compared with
the atomic model calculation of MFAPD using the fitted
sextuplet.17
Fe 3p LMDAD
The fitting of the Fe 3p M-averaged spectrum and
LMDAD with a sextuplet of sublevels is shown Fig. 6~a!,following the procedure discussed in Ref. 5. The energy po-
sition of the J563/2 sublevels is fixed by the peaks of the
LMDAD curve, the other constraints are the number of sub-
levels ~6!, the regular spacing, and the constant peak shape
within the J53/2 multiplet. The J51/2 sublevels are
broader then the J53/2 sublevels. The individual peaks of
the sextuplet of Fig. 6~a! are multiplied for the appropriate
cross section ratios calculated within the atomic model for
the six mj magnetic sublevels of a 3p core hole5,11 to gen-
erate the curves that are compared to the experimental
LMDAD in Fig. 6~b!. The dot-dashed line is obtained by
considering only the J53/2 quartet. The dashed line is ob-
tained by adding the signals from the six sublevels ordered
according to the anomalous Zeeman effect. The continuous
line, which best approximates the experimental LMDAD
curve, is obtained by inverting the order of the J51/2 sub-
levels.
DISCUSSION
Unpolarized and linearly polarized dichroism
The 2p spectra measured with SR have more sharply
marked shoulders identifying the mj523/2 sublevel than
the unpolarized x-ray photoemission spectra, as seen from
Figs. 3 and 5. The overall energy resolution of the spectra
measured with SR and with Al Ka x rays is similar, as can
be easily estimated from the slope and curvature of the lead-
FIG. 3. ~a! Fe 2p3/2 LMDAD raw data ~open symbols! and
smoothed data; ~b! Fe 2p3/2 MDAD data ~open symbols! and
smoothed data; vertical dashed lines indicate that positions of the
maxima are identical, within experimental error. ~c! Fe 2p3/2
MFAPD effect between Al Ka and SR experiments. The dot-
dashed line is obtained by calculating Eq. ~4! of Ref. 17 and apply-
ing the results to the sextuplet of sublevels shown in Fig. 4.
11 492 55GIORGIO ROSSI et al.ing edges of the main peaks. In agreement with previous
experiments,6,15 and with the atomic model,11 the magnitude
of the MDAD effect measured with unpolarized radiation is
reduced with respect to the magnitude of the LMDAD effect
measured by linearly p-polarized SR. The reduction factor
would be exactly 1/2 for experiments using the same photon
energy. This fact follows from the understanding of the
MDAD measured with unpolarized light as being due only
to the 50% of the x-ray intensity which acts effectively as
in-plane linearly polarized radiation defining a p-polarized
experiment. The remaining 50% of the x-ray intensity is ef-
fectively acting as linearly polarized radiation perpendicular
to the reaction plane, defining a s-polarized experiment. The
s-polarized intensity generates a nondichroic spectrum, since
all vectors are coplanar in theMk ~vertical! plane, as already
shown by Roth et al. in an experiment with vertical linearly
polarized SR2. The nondichroic spectrum has a line shape
which is different from the M average of the two
dichroic spectra. This explains the reduced shoulders in the
Al Ka x-ray Fe 2p3/2 peak which is the sum of 50% non-
dichroic and 50% M-averaged-dichroic spectral intensities,
with respect to the 100% dichroic M-averaged SR spectrum.
In a recent Fe 3p photoemission experiment with variable
chirality it has been shown that the difference between mag-
netic field averaged photoemission spectra obtained with dif-
ferent chiralities is nonzero.14 This effect ~MFAPD! is re-
FIG. 4. Top: Fe 2p3/2 field-averaged spectrum after integral
background subtraction ~full symbols! and fit ~solid lines! with six
peaks. The large tails extend the intensity well below the shoulder
and the width of the MDAD spectrum ~bottom panel!. The main
peak, identified by the MDAD spectrum, accounts for ;85% of the
total Fe 2p3/2 intensity. The residual ~dotted line! is compared to a
replica of the spectrum, reduced in intensity and shifted by 21.43
eV. Bottom: The MDAD difference curve from the raw data of Fig.
1 is shown to better identify the position and the width of the
multiplets.lated to the alignment of the magnetic moments and is
observed whenever a well defined magnetic quantization axis
exists, independent of M averaging over 180° domains, or
antiferromagnetic ordering. The difference between the mag-
netic field averaged Al Ka and SR Fe 2p3/2 spectra shown in
Fig. 3~c! represents the MFAPD effect. The calculation of
the MFAPD curve using the atomic model @Eq. ~4! of Ref.
17!# applied to the fitted sextuplet of Fig. 4 is shown as a
dot-dashed line: it provides the explanation of the nonzero
experimental difference. This last results completes the un-
derstanding of the Fe 2p chiral photoemission from magneti-
cally ordered iron surfaces, and sets a new, independent, con-
straint to the fitting of the sextuplet. The presence of both
LMDAD and MFAPD effects has been shown here by com-
parison with linearly polarized synchrotron radiation spectra.
It follows that, in the case of zero ~L!MDAD effect, the
spectrum for a truly demagnetized sample can always be
FIG. 5. Best fit of the M dependent Fe 2p3/2 and Fe 2p1/2
spectra by mj sublevels. The quartet which fits both the linearly
polarized and unpolarized Fe 2p3/2 data has a total width of 1.06 eV
and interval between adjacent peaks of 0.3560.03 eV. The fitting
functions are Gaussian-Lorentzian line shapes with 0.4 eV gaussian
width, 0.45 eV Lorentzian width, and a Sunjic-Doniac asymmetry
parameter of 0.05, which is an accepted value for metals. The Fe
2p1/2 data are fit by a doublet separated by 0.43 eV, with Lorentzian
width of 1 eV and no asymmetry ~which is negligible at these large
Lorentzian values!. The fitting parameters were optimized on the
~L!MDAD spectra: the same quartet of levels fits the Fe
3p LMDAD ~see text and Fig. 7!. Open up triangles and dashed
lines are for Mup data and fitted peaks. Full down triangles and
continuous lines are for Mdown .
55 11 493MAGNETIC DICHROISM IN THE ANGULAR . . .recognized from that of a sample with 180° domains, or of
an antiferromagnetically ordered surface by comparing the
M-averaged 2p ~or 3p) core photoemission spectra obtained
for different chiralities. If a magnetization axis exists, then
the MFAPD difference is nonzero. It also results that if the fit
is constrained by the LMDAD ~and/or MFAPD! curves, then
no specially large broadening of the peaks is observed, and
the exchange splitting of adjacent J53/2 sublevels is of
;0.35 eV.
Fe 2p vs Fe 3p: validity of the Zeeman-like analysis
Spin orbit interaction splits the Fe 2p final state in 1/2 and
3/2 multiplets which are measured at 13.0160.02 eV energy
separation. From the related photoabsorption experiments on
the 2p core levels and from the successful application of the
sum rules for the circular magnetic dichroism,25 there is in-
dependent evidence that the 3/2 and 1/2 multiplets of Fe do
not show overlapping intensities in the final state. It is there-
fore justified in this case to treat the exchange splitting as a
perturbed level scheme due to the Weiss field ~or exchange
field! acting on the core hole levels. The analysis of the
FIG. 6. ~a! Fe 3p M field averaged spectrum, obtained with
hn5198 eV , and fitting sextuplet. The dashed line represents the
residual difference between data and fit. ~b! Experimental LMDAD
curve ~symbols! and LMDAD calculations obtained by multiplying
the individual intensities of the six fitting peaks by the cross section
ratios predicted by the atomic model for the six mj magnetic sub-
levels of a 3p core hole. The dot-dashed line is the average of the
contributions of just the J53/2 quartet. The dashed line is the av-
erage of the full sextuplet contributions ordered according to the
anomalous Zeeman effect. The continuous line, which approxi-
mates the data best, is the average of the sextuplet when the order of
the J51/2 sublevels is inverted.dichroism on the Fe 2p3/2 peak is greatly simplified with
respect to the case of Fe 3p , since in the present case only
four sublevels contribute. The hypothesis that the J53/2
magnetic sublevels are separated by equal energy intervals is
also a better approximation in this case. It is important to
remark that in the present data, as well as in previous reports
of Fe 2p dichroism, one clearly sees satellite intensity of the
iron p photoemission.24 The Fe 3p peaks and dichroism do
not show ~differently from Ni and Co spectra! any satellite
intensity.20 The ;25% reduced value of the ~peak to peak!
dichroism asymmetry corresponding to the Fe 2p1/2 peaks,
with respect to Fe 2p3/2 , is determined by two factors: ~1!
the smaller atomic effect ~smaller angular cross section
ratios11! and ~2! the large increase of lifetime broadening for
the 1/2 peaks which is found in a doubled value of Lorentz-
ian line shape in the fits.5,20
In 3p photoemission the spin orbit splitting is
1.0560.05 eV as measured in nonmagnetic iron silicide,26
which means that the ratio between exchange splitting and
spin-orbit splitting is ;1and one should expect an interme-
diate coupling description to be required. In the Zeeman-like
model in fact the 3p3/2 and 3p1/2 sublevels do partially over-
lap. Also the splitting of the J53/2 multiplet may not lead to
regularly spaced sublevels as in the Zeeman-like picture.9
Previous analysis of the 3p LMDAD spectra with the atomic
model was based on a simple sextuplet of levels where each
J multiplet was split in mj sublevels in a
Zeeman-like scheme.5,13,6 The main feature of the LMDAD
spectrum was found to derive from the mj563/2 sublevels
which determine the overall shape of the LMDAD curve,
and its energy width. The 3p spectra were found to be sen-
sitive to the energy ordering of the J51/2, mj561/2
sublevels,7,5,12 but were little affected by the exact energy
position of them, which in fact appeared to vary with photon
energy, energy resolution, and angular resolution of the spec-
tra, unlike the J53/2 sublevels. A many body calculation of
Fe 3p dichroism confirmed the grid of 6 sublevels, split by
the effective exchange field, and ordered in general agree-
ment with a Zeeman-like scheme ~with inverted ordering for
the J51/2 doublet!.10 From the analysis of Fig. 6 it appears
that the full sextuplet, with inverted J51/2 splitting, is in-
deed capable of reproducing the experimental dichroism.
Strictly speaking the results of Fig. 6 show that the chirality
dependence of the intensity of the tail of the 3p peak is the
same as predicted by the atomic theory for J51/2 sublevels
when applied to the two ‘‘J51/2’’ fitted peaks. It remains
that the exact spectral weight and distribution of the J51/2
are not well defined: the degree of overlap of J53/2 and
J51/2 multiplets cannot be reliably determined by the sex-
tuplet fitting procedure, and the tail might contain contribu-
tions from unresolved satellites.
A comparison of the 2p3/2 and 3p LMDAD spectra can
be used to empirically assess the magnitude of the effects
connected with the overlapping J51/2 contributions to the
3p LMDAD dichroism, independently from the sextuplet
model. We adopt a fully empirical procedure to simulate,
using the raw 2p photoemission spectra and LMDAD spec-
tra, the 3p-like spectrum by graphically reducing the spin
orbit splitting of the 2p spectra to the 1.05 eV value which is
appropriate for Fe 3p . This procedure produces an artificial
11 494 55GIORGIO ROSSI et al.spectrum which is interpretable in the Zeeman-like model
since its ingredients are just the Fe 2p photoemission curves,
and no interaction between p3/2 and p1/2 is introduced. The
result of this cut-and-paste manipulation of the 2p spectra is
shown in Fig. 7 where it is compared to the genuine Fe 3p
LMDAD data as measured with two photon energies, repre-
sentative of many experiments. The shape of the simulated
peaks and of the real data are in good general agreement if
one takes into account that the LMDAD asymmetry is re-
duced at high photon energy. Most important is the compari-
son between the LMDAD curves, which have been normal-
ized to the same peak to peak intensity difference. The
artificial LMDAD spectrum width remains basically identi-
cal to that of Fe 2p3/2, and it compares favorably, within an
error of 3%, to the Fe 3p LMDAD as measured with two
different experimental apparatuses and two different photon
energies. The general shape and the energy width of the Fe
3p LMDAD curve do not show any major effect due to
intermediate coupling. The accuracy limit of this empirical
Zeeman-like treatment and the ‘‘error bar’’ connected to the
3p LMDAD width value can be traced in the extra LMDAD
signal at lower kinetic energy which is present in the Fe
3p data between 22 and 20.5 eV and is not found in the
simulation. The fact that the LMDAD splitting is basically
identical in Fe 2p3/2 and Fe 3p is a confirmation that the
FIG. 7. ~a! Comparison of the Fe 3p spectra measured with
hn 5120 eV ~Ref. 12! and a simulation obtained from the Fe 2p
spectrum by graphically reducing the spin-orbit splitting to the
proper value for Fe 3p ~1.05 eV!. The top pair of curves is the
simulated Fe 3p spectra. The central pair is the Fe 3p true spectra
as measured with hn 5120 eV. In both pairs the dashed curve is for
Mup and the continuous curve is for Mdown . The bottom pair of
curves represent the simulated LMDAD curve ~solid line through
the open circles! and the difference of the hn 5120 eV data ~solid
squares!. The midpoint of the LMDAD spectra coincide, but the
positive LMDAD peak extends to higher binding energies then in
the simulated spectrum. ~b! Same as in ~a!, but with the Fe 3p
experimental spectra as measured with hn5198 eV.same LMDAD analysis is appropriate for both core levels,
and that the atomic model in the Zeeman-like approximation
is a useful guideline to understand the 3p spectra. An accu-
rate analysis of the ~L!MDAD dependence on the magnetic
moment requires measuring absolute standards. We believe
that this demands truly bulk sensitive photoemission experi-
ments, i.e., exciting photoelectron final state energies of the
order of several KeV. All of the present data, as well as those
presented in the literature, are affected by a poorly defined
degree of surface and subsurface sensitivity which makes
possible to discuss only relative changes of LMDAD within
a given experiment at a fixed energy and geometry as a func-
tion of sample treatment, but do not allow for more quanti-
tative and general conclusions.
CONCLUSIONS
We summarize the results as follows. ~1! MDAD on Fe
2p core levels can be measured very accurately by mono-
chromatized unpolarized x-ray sources, e.g., in a laboratory
environment. The MDAD data are fully consistent with the
LMDAD data measured by linearly polarized synchrotron
radiation. The magnetization dependent spectra are different
though when they are measured by unpolarized light or with
linearly polarized light. This is due to the sum of dichroic
and nondichroic intensities arising from the p-polarized-like
and s-polarized-like experiments which are simultaneously
done when measuring photoemission in chiral geometry with
unpolarized light. We have shown that the difference in line
shape of the s-polarized-like experiment and the field aver-
aged p-polarized experiment is explained by the MFAPD
effect due to the alignment of the core holes along the mag-
netization axis. ~2! The measured satellite intensity for Fe
2p core level photoemission amounts to a small fraction of
the total intensity under the main peaks, but it determines the
high tails of the spectra. The ~L!MDAD spectra can be fitted
with just one quartet for the 2p3/2 peak, and a doublet for the
2p1/2 peak. ~3! The 2p3/2 LMDAD width is the same as the
Fe 3p LMDAD within experimental error. The same quartet
can be used unmodified, with the addition of the 1/2 doublet,
to fit the 3p spectra and LMDAD. This fact shows that the
Zeeman-like approach followed in the past when describing
the Fe 3p data with six peaks and attributing mJ character to
those peaks on the basis of the intensity ratios predicted by
photoionization theory is justified a posteriori by the evident
dominant role of the J53/2 multiplet in the Fe 3p photo-
emission dichroism.
Although at this stage the analysis remains at the qualita-
tive level, and insofar limited to the case of iron, it is prom-
ising that the 3p LMDAD splitting is little affected by in-
termediate coupling and can therefore be used, as well as the
Fe 2p3/2 LMDAD, for monitoring relative changes of the
magnetic moments of the photoexcited atoms at surfaces and
interfaces.
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